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Abstract
Pig Liver Esterase (PLE) is a serine protease enzyme that can interact with one
side of a diester to hydrolyze the ester to a carboxylic acid, and research has found that
the level of hydrophobicity of side groups can impact the enantioselectivity of PLE
hydrolysis.1, 2 The Jones Model is what current researchers use to model the active site of
PLE, but the nature of its binding pockets, namely the Hydrophobic Long (HL) pocket,
has been called into question.3 Dimethyl 2-((pyrrole-2-yl)methyl)-2-methylmalonate was
prepared to be subjected to PLE hydrolysis to see whether enantioselectivity was found.
Chiral HPLC revealed 25.32% enantiomeric excess (e.e.) of the diester with the 2position pyrrole side group. This proves that there are amino acid residues in the HL
binding pocket that can interact with a hydrogen bond donor such as pyrrole and gives
more credit to the questions of whether the hydrophobic binding pockets of PLE are
really so hydrophobic.

Keywords: PLE, Hydrophobic, Enantioselectivity, Jones Model, Hydrophobic Long
Pocket, Hydrogen Bond Donor
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Chapter 1. Introduction
Pig Liver Esterase is an enzyme that has a keen ability to hydrolyze a single side
of a diester such as the molecule in Figure 1. Enzymes are biomolecules that catalyze
specific chemical reactions by enhancing the reaction rate through a reaction path with a
lower activation energy.4 PLE is a rather enigmatic enzyme that has previously been
studied in great detail, but its active site, the site of binding of a substrate, has many
uncertainties that researchers are attempting to better understand. Current research looks
to the Jones Model, as shown in Figure 2, for a good approximation of the nature of each
binding pocket of the active site.3, 5 While research has been done on the specific amino
acid residues in the active site of PLE, the possible substrates for the active site have not
been exhausted. There are some questions being raised about the Jones Model and the
nature of its once accepted hydrophobic binding pockets as research progresses. Is this
binding pocket limited solely to hydrophobic molecules? If not, are there hydrophilic
amino acid residues that have the ability to interact with hydrophilic functional groups of
molecules, such as hydrogen bonding species?

Figure 2. Jones Model of PLE5, with the Serine catalytic
residue (Ser) in the PB emphasized

Figure 1. Alpha-Substituted Diester

1

Water is polar, meaning there is a significant separation of charge, whereas
molecules such as oils are non-polar or hydrophobic, meaning the atoms in the molecules
have similar charge separation. Hydrogen bonding species, being polar, would generally
not interact with hydrophobic amino acids, but recent research has indicated that the
hydrophobic binding pockets of PLE as postulated in the Jones Model might not be as
hydrophobic as once believed.1, 2
PLE hydrolysis involves substrate interactions with the polar binding pocket
containing a catalytic triad of the amino acids SER, HIS, and GLU, with SER being the
catalytic residue, as seen in Figure 2.6 This triad of amino acids is responsible for the onesided hydrolysis of the ester functional group.6 The orientation of diester-containing
molecules in the active site of PLE can affect which side of the diester is preferred in the
PB pocket where the catalytic triad resides.1, 2
Research conducted in our research group has shown that the addition of cosolvents such as ethanol (2% by volume) can improve the enantioselectivity of PLE
hydrolysis. Enantioselectivity is the preference for one enantiomer over another. When
PLE hydrolysis is done on diester molecules, an achiral molecule becomes a chiral
molecule, as indicated by an asterisk in Figure 3. This means that a chiral center was not
present in the starting material and is now present in the product. This chiral center
creates enantiomers, which are non-superimposable mirror images of one another.
Enzymatic hydrolysis can produce an equal (racemic) or unequal (enantiomeric excess)
amount of each enantiomer. We believe the side group of molecules with a diester moiety
and the addition of co-solvents can affect the enantiomeric excess of the product.
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Figure 3. PLE Hydrolysis Reaction Scheme

This study will focus on using pyrrole side groups of diesters. Research done by
Jacob Pruett and Dr. Maureen Smith concluded that hydrogen bonding side groups affect
the enantioselectivity of PLE by influencing which side of the diester is hydrolyzed.1, 2
Hydrogen bonding only occurs in polar, hydrophilic environments. Since research has
supported that hydrophilic or polar groups can interact with the active site, more
information is needed to verify just how hydrophobic the binding pockets really are. Both
of these researchers1, 2 focused on hydrogen bonding groups that can solely accept
hydrogen bonds. My research will look at pyrrole side groups, which have a hydrogen
that can be a hydrogen bond donor, as shown in Figure 4 by color.

Figure 4. Dimethyl 2-((pyrrole-2-yl)methyl)-2-methylmalonate

With this research, we will be able to identify whether there are amino acids
present in the active site of PLE that can interact with a hydrogen bond donor such as a
pyrrole group. If there proves to be residues that can interact with pyrrole side groups,
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then we will have a better picture of the interactions between the amino acids present in
the active site of PLE and substrates.
Chapter 2. Literature Review
PLE Hydrolysis Background
Pig Liver Esterase (PLE) is known for its ability to hydrolyze only one ester of a
molecule containing a diester moiety. The reason for this selective enzymatic hydrolysis
is believed to be catalyzed by amino acid residues SER 204, HIS 449, and a GLU
residue, as indicated on the Jones Model.3 This enzymatic hydrolysis with its catalysis by
these residues is characteristic of a class of enzymes known as serine proteases, which are
known for the presence of a reactive serine and histidine residue at the catalytic site.7
Other enzymes in this class are chymotrypsin, trypsin, elastase, and subtilisin.7 PLE
performs enzymatic hydrolysis on one half of the diester, chemically changing the ester
functional group to a carboxylic acid, as shown in Figure 3. Cleavage of the ester
functional group occurs in three steps, beginning with the formation of a bond between
the O of the SER204 residue and the carbon atom of the ester.6 That is followed by two
important steps: breaking of the bonds inside the ester, releasing the free alcohol, and
breaking of the bond to SER204, releasing the carboxylic acid.6
This change introduces a new functional group, the carboxylic acid, that no longer
gives symmetry to the molecule, resulting in a chiral center at the alpha carbon, as noted
by an asterisk in Figure 3.
Chiral Centers
Enantioselectivity is an important issue in molecules. In many drugs, one
enantiomer of the drug is helpful and the other inactive or even harmful. In the case of
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methamphetamine (Figure 5), one enantiomer (R) is a common component of over-thecounter decongestant inhalers, and the other enantiomer (S) is the illegal drug. Having
enantioselectivity in a reaction is of the utmost importance when dealing with drugs that
people will be ingesting. Having enantioselectivity in PLE hydrolysis might not directly
affect the drug market through this research, but if PLE hydrolysis can be found to be
enantioselective and a suitable drug is found to be able to fit into the active site of the
enzyme, then knowing reaction conditions for the best enantioselectivity would be of
great assistance to medicinal chemists.

Figure 5. Methamphetamine Chirality Example

The Problem with the Jones Model
While the function of PLE is known, knowledge about the binding nature of its
active site is incomplete. A model of the active site of PLE was published by Toone, E;
Werth, M.; and Jones, J. in 1990, and it is known as the Jones Model (Figure 1).3 They
reported that the active site was made of two hydrophobic pockets and two polar
pockets.3 Through a series of experiments using chiral substrates, they found that within
the hydrophobic pockets were a Hydrophobic Long (HL) and a Hydrophobic Short (HS)
pocket, and within the polar pockets were a Polar Front (PF) and a Polar Back (PB)
pocket.3 They reported that the nature of the PLE enzyme was a “catalytically essential
region” in the active site that is responsible for the enzymatic hydrolysis by attacking the
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carbonyl of the ester substrate.3 From this, we see that molecules that can fit into this
active site would be acted upon catalytically to hydrolyze one of their ester functional
groups to a carboxylic acid, as shown in Figure 6.8

Figure 6. Jones Model with Molecular Example

While molecules that seemingly fit into the active site should be hydrolyzed,
Toone et al. also reported that “[p]olar groups such as hydroxy, amino, carbonyl, nitro,
etc. are excluded from these areas,” referring to the hydrophobic long and short binding
pockets.3 As shown in Figure 4, molecules that have a more polar group fitting into the
HL pocket, should not be catalytically acted upon by the enzyme, but research shows that
these are in fact enzymatically hydrolyzed to carboxylic acids as well.1, 2 Research has
shown that diesters with hydrogen bonding capabilities and more polar side groups are
enzymatically hydrolyzed just as molecules with hydrophobic side groups are.1, 2 What is
fascinating about these findings is that hydrogen bonding species such as furan side
groups show product enantioselectivity,2 but hydrophobic groups such as benzene yield
racemic products when subjected to PLE hydrolysis.1

6

Recent Research
Dr. Maureen Smith conducted research on many different hydrophobic and
hydrophilic side chains of diester-containing molecules. Through her work with
pyridines and thioester benzene analog side chains, Dr. Smith concluded that hydrogen
bonding species could obtain enantioselectivity from PLE hydrolysis.1 She also found
that with the addition of 2% (v/v) ethanol as a co-solvent in the reaction, the
enantioselectivity differed from that of the hydrolysis without co-solvent, as shown in
Figure 7.1 Dr. Smith also ran PLE hydrolysis with the six isoenzymes of PLE as well.1
An isoenzyme is an enzyme that has the same function as the original but has a slightly
different structure.4 While the addition of the 2% ethanol co-solvent did not always prove
to increase enantioselectivity, it did raise questions as to why the enantioselectivity
differed upon addition of this co-solvent.

Figure 7. Dr. Maureen Smith's results from PLE Hydrolysis with and without the addition of a co-solvent1

Jacob Pruett’s research examined the effects of hydrogen bond acceptors on the
enantioselectivity of PLE with substrates that contain furan functional groups.2 His
research concluded that furans did give enantioselective products, but only when the
furan was in the 2-position, as shown in Figure 8.2 Although PLE alone did not produce
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enantioselectivity of the 3-position product, the addition of 2% ethanol as a co-solvent
produced an enantioselective product.2 This observation shows that not only does PLE
hydrolysis give enantioselectivity, but also does the addition of the co-solvent 2%
ethanol, inducing selectivity in an otherwise racemic molecule.

Figure 8. Jacob Pruett's Research Results for Enantioselectivity2showing two substrates subjected to Racemic and PLE
Hydrolysis, with the top substrate also being subjected to PLE Hydrolysis with a co-solvent

From these observations of hydrogen bond acceptors, one could wonder if the
same could be true of hydrogen bond donors. Pyrrole is a molecule that has a free
hydrogen on its nitrogen that can hydrogen-bond with hydrogen bond acceptors. If used
as a side chain, it can give insight into the interactions in the HL binding pocket and give
information as to how that pocket interacts with hydrogen bond donors. My research
examined pyrrole in the 2-position as shown in Figure 9, but further research should also
look at the 3-position pyrrole as Jacob Pruett did with furans.
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Figure 9. 2-Position Pyrrole Side Group Substrate

Chapter 3. Methodology
2-Position Diester Preparation
Knöevenagel Condensation
Previously, this reaction was performed according to the preparation done by
McCluskey, et al.,9 but low yields brought about a search for a more efficient
Knoevenagel Condensation reaction. A new reaction was found, and was performed and
found to have a much higher yield using azeotropic distillation of toluene and water in
the reaction.10

Figure 10. Knoevenagel Condensation Reaction

To a 100-mL three-neck round-bottom flask, were added red-orange crystals of 2
under an inert atmosphere of Nitrogen (N2) with toluene and a stir bar. A Dean-Stark
apparatus was used, as shown in Figure 11, to azeotropically distill toluene and H2O into
the reservoir of the apparatus. An equimolar amount of 1 was added to the reaction flask
with 0.1 and 0.2 molar equivalents of 3 and 4. This mixture was stirred, heated, and
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allowed to reflux overnight. The brown mixture was then removed from the flask using
diethyl ether, washed twice with deionized (DI) water and once with brine, and dried with
MgSO4. The solvent was evaporated using a Rotovap and left under a vacuum overnight
to remove remaining solvent, revealing a brown, oil-like product 5.

Figure 11. Dean-Stark Apparatus11

Sodium Borohydride Reduction
O

O

O

O

O

NaBH4

O

O

O
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HN

HN

5

6

Figure 12. Reduction Reaction Scheme

To a three-neck round-bottom flask under an inert atmosphere of N2, 1.5 molar
equivalents of NaBH4 were added. 5 was dissolved in methanol and added to the reaction
mixture along with a stirbar and allowed to stir for 3.5 hours. The reaction was then
quenched with acetic acid to a pH of 4. The brown mixture was then dissolved in diethyl
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ether and added to a separation funnel, washed twice with DI water and once with brine,
and dried using MgSO4. Solvent was evaporated, revealing a brown substance. 1H-NMR
revealed impurities and starting material in the product, so Flash Column
Chromatography was used with an 80:20 mixture of hexanes and ethyl acetate to isolate
pure compound 6.
Methylation
O

O

O

O

O

7
CH3I, NaH

O

O

O

Anhydrous THF
HN

6

HN

8

Figure 13. Methylation Reaction Scheme

To a three-neck round-bottom flask in an ice bath at 0C under an inert
atmosphere of N2, were added 1.5 molar equivalents of NaH in mineral oil with pentane
to remove the mineral oil, and the mineral oil was removed. Compound 6 was dissolved
in anhydrous THF and added to a stirring reaction flask along with a stirbar. Molecule 7
(1.1 molar equivalents) was then added dropwise to the reaction and stirred for 15
minutes. The flask was then removed and allowed to warm to room temperature for 15
minutes and the solvent refluxed overnight. The brown mixture was then dissolved in
diethyl ether and added to a separation funnel. The organic layer was washed twice with
DI water, once with brine, and dried with MgSO4. The solvent was then evaporated,
revealing a light brown oil. This substance was examined using 1H-NMR and was found
to be impure, so column chromatography was used with an 90:10 mixture of DCM to
methanol, revealing a pure 8 product.
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PLE Hydrolysis
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Figure 14. PLE Hydrolysis Reaction Scheme

To a 100-mL beaker was added 8, ~40-mL of phosphate buffer, a stirbar, and a
few drops of 3.0 M (NH4)2SO4. This reaction beaker was placed onto a Radiometer
Analytical TIM854 Titration Manager (Figure 15) with a calibrated pH probe, and an
equimolar amount of 10 was added to the reaction beaker. The titration manager was set
up to dispense a maximum volume of 1.5 mL of 1.0 M NaOH, and the reaction was
started stirring and allowed to stir overnight. 1.0 M NaOH was then added to the reaction
beaker until a basic pH was observed. Dichloromethane (DCM) was then added to the
beaker, and the mixture was transferred to a separation funnel. The aqueous layer was
washed with DCM three times, and 4 M HCl was added to the aqueous layer until an
acidic pH was observed, producing a white foam. In a separation funnel, diethyl ether
was used to form an organic layer, and was washed with DI water twice and dried with
MgSO4. The solvent was then evaporated, revealing a dark brown solid 11a and 11b.
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Figure 15. Radiometer Analytical TIM854 Titration Manager Used for PLE Hydrolysis

Racemic Hydrolysis
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Figure 16. Racemic Hydrolysis Reaction Scheme

To a single-neck round-bottom flask was added 8 dissolved in THF and an
equimolar amount of 12 along with a stirbar under an inert atmosphere of N2. The
reaction was stirred overnight. The brown mixture was treated the same as the PLE
hydrolysis product and was found via 1H-NMR analysis to be impure. Preparatory Thin-
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Layer Chromatography with a 90:10 mixture of DCM and methanol was used to separate
impurities from the desired product.
Chiral High-Performance Liquid Chromatography (Chiral HPLC)
HPLC was utilized to examine the composition of each enantiomer of the
hydrolysis products. A Lab Alliance PeakSimple Chromatography Data System HPLC
(Figure 17) with an OJ-H column was used to examine retention times and peak areas of
each enantiomer of hydrolysis products.

Figure 17. Lab Alliance HPLC used for Analysis of Hydrolysis Products

The products of PLE hydrolysis and racemic hydrolysis were dissolved in an
HPLC solvent system of ninety-percent HPLC-grade Hexanes and ten-percent HPLCgrade 2-propanol. Each solution was drawn into a 1 mL syringe and filtered. The
detection of peaks was done by UV/Vis Spectroscopy at 234 nm.
The product was allowed to flow through a Chiral Technologies OJ-H Column. Using a
100-L syringe, approximately 50 L of the solution was drawn into the syringe and
14

injected into the HPLC in the Load position. With the needle still in the machine, the
lever was switched to Inject, beginning the analysis by the HPLC. The HPLC was
allowed to collect data for 20-25 minutes per sample.
Preparation of TIPS-Protected Pyrrole12
While the 3-position pyrrole side group was not tested in this research,
preparations to synthesize pyrrole-3-carboxaldehyde were undertaken by TIPS protection
of the amine of pyrrole. This product will be used to add the aldehyde in the threeposition to begin synthesis of the diester in future research.
Protection of the Amine using TIPS

Figure 18. Protection of Pyrrole with TIPS12

To a three-neck round-bottom flask under an inert atmosphere of N2 at -78°C in a
bath of dry ice and acetone were added pyrrole and anhydrous THF. To the reaction flask
was added 1.2 molar equivalents of N-butyllithium dropwise and stirred for 30 minutes.
TIPS-Cl was added and allowed to stir for 5 hours at -78°C. The flask was removed from
the bath, allowed to warm to 0°C, and quenched with aqueous ammonium chloride. This
mixture was added to a separation funnel with ethyl acetate, washed with DI water three
times, and dried with MgSO4. The solvent was removed from the reaction by a Rotovap.
The product should be purified using a 95:5 mixture of hexanes to ethyl acetate.12

15

Chapter 4. Results
Knöevenagel Condensation
Upon obtaining an accurate mass of the Knöevenagel Condensation product (5),
the starting material was found to have been fully converted, resulting in a 78% isolated
yield. This conclusion was reached using proton Nuclear Magnetic Resonance
Spectroscopy (1H-NMR). A visual of the 1H-NMR is provided in Figure 19; the specific
new peaks observed, showing the formation of the condensation product, are shown in
Figure 20.

Figure 19. 1H-NMR of Knoevenagel Condensation product

Figure 20. Diester Methyl Groups 1H-NMR
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Upon examination of the peaks at ~3.83 and ~3.57 ppm, respectively, the loss of
dimethyl malonate and pyrrole are noticed, and the emergence of the condensation
product. The fact that there are two peaks that integrate to three indicates that the methyl
groups of the diester are no longer equal. If the reaction had not occurred, there would
have been a singlet that integrated to ~6 from the six protons on the methyl groups of the
diester. With the formation of the condensation product, there is now a double bond,
restricting rotation around that bond. This results in two unique environments for the
diester.
Sodium Borohydride Reduction
The reduction using NaBH4 was not complete, and there was approximately 95%
conversion of 5 to 6. This was observed via 1H-NMR, as shown in Figure 21. The flash
column chromatography with eighty percent hexanes and twenty percent ethyl acetate
yielded approximately 31% of purified, reduced product, 6.

Figure 21. 1H-NMR of Reduced Product

The observance of 6 came from the peaks shown in Figure 22. The new peak at
~3.74 ppm shows that there is now only one unique environment, with the single peak
now integrating to six. With the free rotation, this is consistent with the structure of our
desired product, but it is also consistent with the starting material dimethyl malonate.
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There is also a triplet at ~3.65 ppm that integrates to one, representing the alpha-carbon
of the molecule, as shown in Figure 22.

Figure 22. Reduced Product Peaks on 1H-NMR

Methylation
The methylation reaction resulted in a 26.1% yield. The product 8 was identified
by 1H-NMR as shown in Figure 23. The observance of a new singlet peak around 1.5
ppm in Figure 24, shows the formation of the product. This singlet represents the methyl
group hydrogens now attached to the alpha carbon.

Figure 23. 1H-NMR of Methylated Product
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Figure 24. Alpha-Methyl Hydrogen Peaks on 1H-NMR

PLE Hydrolysis
Approximately 41.7% yield was recovered from PLE hydrolysis. 1H-NMR and
Infrared Spectroscopy (IR) were used to identify the new compound resulting from PLE
hydrolysis. 1H-NMR revealed methylene peaks of different environments (Figures 25 &
26), indicating that a chiral center had been made and enzymatic hydrolysis of the diester
has occurred. IR spectroscopy revealed N-H functional groups (of the pyrrole side group)
around 3500 cm-1 and carboxylic acid functional groups (of the newly made carboxylic
acid from the enzymatic hydrolysis) from 2200-3600 cm-1, as shown in Figure 27.

Figure 25. 1H-NMR of PLE Hydrolysis Product
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Figure 26. Methylene Peaks of PLE Hydrolysis Product

Figure 27. IR Spectroscopy of PLE Hydrolysis Product

Chiral HPLC
PLE Hydrolysis
As shown in Table 1, the two enantiomers were found at retention times of 13.4
min and 17.1 min, respectively, with peak areas of 44422.2 and 26470.0 respectively.
This peak area ratio revealed an enantiomeric excess (% e.e.) of 25.32%.
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Racemic Hydrolysis

Figure 28. 1H-NMR of Racemic Hydrolysis Product

Racemic hydrolysis is intended to provide a racemic standard to compare to the
enzymatic hydrolysis. Product formation was observed by 1H-NMR and is shown in
Figure 28. The retention times found on racemic hydrolysis should correspond to the
peaks found for PLE hydrolysis. Corresponding peaks were found via HPLC for the
racemic hydrolysis product, as shown in Figure 29.

Peak

Area

13.4 min

44422.2035

17.1 min

26469.9750

Table 1. Peak Areas of PLE Hydrolysis Product

Figure 29. HPLC Peaks of PLE Hydrolysis Products
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Chapter 5. Discussion
PLE Hydrolysis
PLE hydrolysis of this pyrrole diester revealed enantioselectivity, which suggests
that there is preference for one side of the diester in the active site of Pig Liver Esterase.
If this is true, there could be hydrogen bond acceptor amino acid residues in the active
site of PLE that interacts with the hydrogen bond donor of the pyrrole group. Of the
twenty amino acids found within the body, only aspartate, glutamate, asparagine,
glutamine, histidine, serine, threonine, and tyrosine have the capability of accepting a
hydrogen bond, so if this enantiomeric excess is an indicator of the active site of PLE,
then one of these amino acids must be a part of the hydrophobic pocket.
Racemic Hydrolysis
Racemic hydrolysis was used to identify retention times for the enantiomers, and
the peaks identified through Chiral HPLC of the PLE hydrolysis product were confirmed
by racemic hydrolysis. An impure product of racemic hydrolysis revealed an extra peak
interfering with the hydrolysis peaks, altering the area of the curve. This extra peak is
believed to be the diester starting material. Although pure racemic hydrolysis was not
able to be analyzed via HPLC for enantiomeric excess, it did reveal the retention times
for the enantiomers by the majority presence of the racemic products.
Chapter 6. Conclusion
The Hydrophobic Long pocket of the Jones Model of Pig Liver Esterase has been
challenged by the observations of hydrophilic preference in the active site of PLE. With
observations such as enantioselectivity with furans, pyridine rings, thioester benzene
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analogs, and now pyrrole side groups, one can begin to question the hydrophobicity of
the active site of Pig Liver Esterase. Future research should look at a 3-position pyrrole
side group to see if that affects the enantioselectivity of PLE hydrolysis and whether the
addition of co-solvents improves or worsens the enantioselectivity. Also, each prepared
diester should be subjected to each isoenzyme of PLE separately to examine whether they
also have enantioselectivity. While hydrophobic residues are most definitely present in
the active site of PLE, this research has helped to encourage the thought that the residues
present are more hydrophilic than previously believed and can interact with hydrogen
bond donors.
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